INTRODUCTION
Recent studies in which glucagon was shown to exert marked positive inotropic effects on isolated cardiac muscle (1) (2) (3) , in intact animals (2) (3) (4) , and in patients with no or mild impairment of cardiac function (5), Received for publication 10 November 1969 and in revised form 24 January 1970. have stimulated considerable interest in the possible use of glucagon for the treatment of patients with heart failure. However, the efficacy of this agent in patients with chronic cardiac decompensation appears to be inconsistent (6) (7) (8) (9) (10) (11) . Indeed, the results of several reports suggest that in many such patients any salutary effects on cardiac function produced by glucagon is either absent or of small magnitude (6, (9) (10) (11) .
In order to determine if chronic cardiac decompensation alters the responsiveness of the heart to glucagon, the inotropic effects of this agent on cat papillary muscles obtained from normal cats and from cats with failing right ventricles were compared. These studies demonstrated that chronic right ventricular failure markedly reduced the capacity of glucagon to augment myocardial contractility. The specificity of this defect was documented by the demonstration that the sensitivity of the heart to the inotropic effects of norepinephrine was not impaired by chronic cardiac failure.
The results of several investigations have suggested that activation of adenyl cyclase is responsible for mediating the cardiac effects produced by the catecholamines and glucagon (12, 13) . In an attempt to define the possible biochemical defect responsible for the impaired capacity of the chronically failing heart to respond to the physiologic effects of glucagon, we determined the responsiveness of adenyl cyclase to norepinephrine and glucagon in the particulate fractions of heart homogenates from normal cats and cats with chronic cardiac decompensation. placed around the proximal main pulmonary artery under sterile conditions to produce right heart failure (14) . Sham operations were performed in three cats, and consisted of an identical operative procedure with the exception that no constricting clip was placed around the pulmonary artery. Right heart catheterization under sodium pentobarbital anesthesia, 25 mg/kg, was performed 4-145 days after operation (median, 11 days). Aortic pressure was recorded through a cannula placed in the descending aorta via the right femoral artery. Right heart pressures were obtained through a catheter advanced into the right ventricle via the right external jugular vein. The zero reference point was taken at midchest position. Cardiac output was determined by the indicator dilution technique and cardiac index calculated by dividing output by total body weight measured at the time of catheterization. In addition to the animals that had been operated on, 22 cats that had no operative procedure were studied, and 15 of these had right heart catheterizations performed in an identical manner in order to define the normal range of cardiac output and right heart pressures. Since no consistent differences in papillary muscle function or adenyl cyclase responses were found between the catheterized and noncatheterized animals, the data obtained from these two groups of nonoperated cats were pooled.
Cats were included in the failure group only if they demonstrated both an abnormally high right ventricular end diastolic pressure (4 mm Hg or greater) and abnormally low cardiac index (less than 150 ml/min per kg). Of the 21 animals with failure defined in this manner, 7 had pleural effusions and ascites as well.
At the completion of cardiac catheterization, the heart was rapidly excised, blotted dry, and weighed. Right ventricular papillary muscles were removed for studies of myocardial mechanics and the right ventricle was utilized for assay of adenyl cyclase.
Myocardial mechanics. After removal from the heart the papillary muscles were immediately transferred to a myograph containing modified Krebs solution bubbled with 95%o 02 and 5%o CO2 and maintained at a constant temperature of 30'C. Muscles were stimulated at a frequency of 12/min with square-wave pulses of 5 msec duration at a voltage 10-20% above threshold delivered through platinum electrodes parallel with the muscle. The effects of glucagon and norepinephrine on maximal actively developed tension (corrected for cross sectional area), on the rate of tension development (dT/dt), and on the time required to reach peak tension were studied under isometric conditions with the muscle maintained at the apex of its length-active tension curve (Lmax). Concentration-response curves to glucagon were obtained from normal and failure animals over a range of concentrations extending from 1.5 X 108 mole/liter to 1.5 X 10' mole/liter by the addition of small aliquots of increasing concentrations of glucagon to the muscle bath. In 10 of the papillary muscles obtained from failure animals the muscle bath was washed free of glucagon; after the muscle had returned to base line tension, concentrationresponse curves to norepinephrine were determined over a concentration range extending from 108 mole/liter through 10-' mole/liter. In a separate group of papillary muscles obtained from six normal and five failure animals, concentration-response curves to norepinephrine (10' mole/liter through 10-' mole/liter) were performed.
Four additional animals were anesthetized with intravenous sodium pentobarbital, 25 mg/kg, and placed on intermittent positive pressure respiration. Following a left thoracotomy incision, right heart catheterization was performed and cardiac output determined. Acute right ventricular failure was then induced by progressive constriction of the main pulmonary artery. 30 min after the onset of acute cardiac decompensation the heart was excised and a right ventricular papillary muscle was removed and placed in the myograph. The right ventricle from one of these animals was utilized for adenyl cyclase studies. Concentrationresponse curves to glucagon were performed as described above.
Adenyl cyclase. Following cardiac catheterization, rapid excision of the heart, and removal of a papillary muscle, the right ventricle was dissected free of endocardium and epicardium. Approximately 220 mg of right ventricular muscle was homogenized at 1'C in 4.5 ml of cold 0.25 M sucrose with a motor driven homogenizer. The homogenate was centrifuged at 12,000 g for 10 min at 4VC and the supernatant fluid decanted; the particles were washed with cold 0.25 M sucrose and resuspended and recentrifuged at 12,000 g for 10 min. The washed particles were resuspended and rehomogenized in the cold 0.25 M sucrose. Protein was determined by the method of Lowry, Rosebrough, Farr, and Randall (15) ; this method solubilizes all of the protein. Adenyl cyclase was assayed as previously described (13, 16) . The particulate fraction, containing 0.05-0.08 mg protein in a total volume of 0.06 ml, was incubated at 37'C for 3 min with 1.6 mm adenosine 5'-triphosphate disodium salt (ATP), (P-L Biochemicals); AT82P, 2 to 3 X 10' cpm, 840-1500 mCi/mmole (International Chemicals and Nuclear Corporation) ; 8 mm theophylline; 2 mM MgC12; 21 mM Tris-Cl (pH 7.7); human serum albumin, 0.8 mg/ml (Pentex Inc., Kankakee, Ill.); and crystalline glucagon (Eli Lilly Laboratories) or norepinephrine (L-norepinephrine bitartrate from Mann Research Laboratories, Inc., N. Y.) at concentrations stated in the text. The incubations were started by adding the particulate fraction, which had been kept at 10C to the other components which were at 23'C. Glucagon or norepinephrine were added to the particles just before beginning the incubations. After 3 min the incubations were stopped by adding 0. Student's t test for paired and unpaired data was used for all statistical calculations.
RESULTS
Data obtained during cardiac catheterization are presented in Table I . By definition, an animal was included in the failure group only if the right ventricular enddiastolic pressure and cardiac index fell outside of the in the failing muscles (P < 0.001). Time to peak tension averaged 345 ± 10.6 msec in the normal muscles and was not significantly altered by failure. These results are similar to those previously reported (14) .
Response to glucagon. Glucagon produced a concentration related augmentation of isometric active tension development in all of the seven normal muscles studied ( Fig. 1) . At peak effect active tension increased an average of 50% (P < 0.001) from a control value of 4.4 +0.36 to 6.6 ±0.46 g/mm'. The augmentation of contractile force resulted primarily from an increase in the rate of tension development (Fig. 1) , which at peak effect rose an average of 48% (P < 0.001) from a control of 16.9 ±0.9-25.1 +1.6 g/sec per mm'; no significant alterations in time to peak tension were noted. In contrast, glucagon produced no significant changes in maximal actively developed tension, rate of tension development, or time to peak tension at any point of the concentration-response curve in the muscles obtained from 15 cats with chronic right ventricular failure (Fig.  1 ).
To insure that the lack of responsiveness of the papillary muscles to glucagon was not due to nonspecific effects of the operative procedure, three sham-operated animals were also studied. In these animals peak concentrations of glucagon produced increases in maximal actively developed tension of 2.2 (61%), 2.2 (46%), and 1.7 (50%) g/mm', and in the rate of tension development of 6.3 (37%), 22 FIGURE 3 Changes in rate of isometric tension development and actively developed tension produced by norepinephrine in papillary muscles obtained from six normal cats and five cats in chronic heart failure.
the lower limits of the range of values found in the normal animals (Fig. 2) . Response to norepinephrine. Norepinephrine caused concentration-related increases in isometric tension development and dT/dt, and decreases in time to peak tension in both papillary muscles obtained from normal and failing hearts (Fig. 3) . The per cent changes in myocardial tension development, rate of tension development, and time to peak tension caused by norepinephrine did not differ significantly in muscles obtained from normal and failing hearts at any point on the concentration-response curves. At the peak of the concentration-response curve the increment in isometric tension averaged 117% (1.20 ±0.33 g/mm2) in muscles obtained from failing hearts and 95% (3.68 ±0.63 g/ mm2) in muscles obtained from normal hearts. The increment in dT/dt averaged 152% (11 ±1.8 g/sec per mm2) in the failure and 173% (27 ±4.6 g/sec per mm2) in the normal muscles. The decrease in time to peak tension averaged 22% (59 ±6.5 msec) in the failure and 27% (96 ±15.2 msec) in the normal muscles. In addition, 10 muscles obtained from failing hearts that did not respond to glucagon were subsequently exposed to increasing concentrations of norepinephrine (Figs. 4  and 5) . In each muscle a significant increase in active tension development and rate of tension development occurred. At the peak of the concentration-response curve to norepinephrine active tension increased 83% (P < 0.001) from a control value of 2.3 ±.16 to Fig. 4 .
Adenyl cyclase
Response to glucagon. Glucagon activated adenyl cyclase in the particulate fractions of heart homogenates obtained from normal animals, half-maximal activity being approximately 1 X 10' mole/liter (Fig. 6) . However, adenyl cyclase in the particulate fractions of heart homogenates obtained from animals in chronic heart mO t failure was not activated by glucagon over the concentration range of 1 X 10' mole/liter to 1 X 10' mole/liter (Fig. 6 ). In one cat studied after acute right ventricular failure was induced, activation of adenyl cyclase produced by glucagon was normal. Accumulation of cyclic 3',5'-AMP increased from a mean control of 87 ±|+25 pmoles/mg protein per 3 min to 206 +21 pmoles/mg protein per 3 min (mean of four samples) when incubated with 1 X 10' M glucagon.
Response to norepinephrine. The responses of adenyl cyclase to concentrations of norepinephrine ranging from 1 X 10-7 to 1 X 10-4 M were identical in both the normal and failure groups (Fig. 7) . Half-maximal activity was 2 X 10' mole/liter.
Response to fluoride. Maximal activation of adenyl cyclase by fluoride occurred over the concentration range of 2 to 8 X 10' mole/liter in both the normal and failure groups (Fig. 8) . Diminished activation of adenyl cyclase occurred at higher concentrations of fluoride, a phenomenon previously noted in heart (18) and adrenal tissue (19). capacity of glucagon to increase myocardial contractility was maintained when failure was acutely induced by pulmonary banding. It would threfore appear that heart failure alters the mechanisms responsible for mediating the positive inotropic effects of glucagon, but this alteration occurs only after a period of chronic cardiac decompensation. In contrast, the inotropic response to norepinephrine was unimpaired by heart failure. A similar observation was made by Spann, Buccino, Sonnenblick, and Braunwald utilizing pooled data from cat papillary muscles obtained from hypertrophied and failing hearts (14) . These results are also consistent with the finding that the chronotropic response of patients with severe chronic cardiac decompensation to increasing rates of isoproterenol infusion is similar to that oberved in normal individuals (20) . It is clear from the results of these studies that chronic cardiac decompenation does not necessarily decrease the capacity of the heart to respond to catecholamines. Thus, the diminished responsiveness of the chronically failing heart to glucagon does not appear to represent a generalized defect to all inotropic stimuli.
Since considerable evidence exists that the cardiac effects of norepinephrine and glucagon are mediated by activation of adenyl cyclase (12, 13, 21) , the effects of chronic heart failure on the sensitivity of myocardial adenyl cyclase to activation by norepinephrine and glucagon were assessed. In order to characterize further the adenyl cyclase system, its response to fluoride, an ion capable of maximally activating the enzyme (22) , was also determined.
It was found that chronic heart failure did not alter the capacity of adenyl cyclase to respond to either norepinephrine or fluoride, as shown by concentration-response curves to both of these agents. It can therefore be concluded that in the experimental preparation used, chronic heart failure changes neither the total amount of enzyme capable of being activated, nor its sensitivity to norepinephrine.
These results are at variance with those of Sobel, Henry, Robison, Bloor, and Ross who found that adenyl cyclase activation by 10' M norepinephrine and 102 M fluoride was decreased in left ventricular homogenates from guinea pigs with congestive heart failure produced by constriction of the ascending aorta (23) . Their data were interpreted as showing that heart failure decreased the total activity of enzyme present. No conclusions could be made regarding the sensitivity of the enzyme since concentration-response curves were not obtained. The reasons for the discrepancy between the two studies are not clear, but may be due either to the difference in the animal species used, to a difference between right and left ventricular failure, or to the possibility that more severe failure was attained in the guinea pigs. It is nevertheless apparent that chronic cardiac decompensation is not necessarily associated with an alteration in the total activity of adenyl cyclase or sensitivity of adenyl cyclase to norepinephrine. This conclusion is further supported by the finding that the inotropic response to catecholamines is not diminished in the failing heart.
In contrast, the capacity of glucagon to activate the adenyl cyclase obtained from the same failing hearts was markedly reduced. It is unlikely that this observation can be attributed to changes in the sedimentation characteristics of the particulate fraction studied, since responses of adenyl cyclase to norepinephrine and fluoride were unaltered, and since a similar impairment to the physiologic effect of glucagon occurred in the intact papillary muscle. In addition, it is possible that the dissimilarities in their inotropic effects might be due to an inability of glucagon to adequately diffuse into the myocardium of a heart that has been in chronic failure. The finding that differences between glucagon and norepinephrine were also observed in the particulate fraction of heart homogenates obtained from failing myocardium makes such an explanation unlikely, since this preparation would presumably allow ready access to active sites.
It should be pointed out that differences in the characteristics of the mechanical response of the heart to norepinephrine and glucagon exist. Thus, while both hormones augment the rate of myocardial tension development, norepinephrine diminishes the time required to reach peak tension; glucagon, like the digitalis glycosides, does not alter this parameter. Although this difference may be a function of the relative capacities of each of these agents to augment myocardial contractility, it does call into question the hypothesis that the inotropic effects of glucagon are mediated by activation of adenyl cyclase. On the other hand, the correlation demonstrated in this investigation between the loss of the capacity of glucagon to augment myocardial contractility with the loss of its capacity to activate adenyl cyclase strongly suggests, although does not prove, that activation of adenyl cyclase is involved in mediating the cardiac response to glucagon.
In a previous study from this laboratory it was shown that glucagon activates myocardial adenyl cyclase by a receptor different from that which mediates catecholamine responses (13 Although it is possible that the diminished capacity of the failing heart to respond to the inotropic effects of glucagon will turn out to be a characteristic peculiar to the particular experimental preparation utilized, the results do provide a tentative explanation for some of the apparently conflicting results recently reported concerning the efficacy of glucagon in the treatment of heart failure in man. In investigations in which the presence or absence of chronic heart failure at the time of study was noted, it appeared that when glucagon exerted an appreciable inotropic effect, the patients were either not in heart failure at the time of study or had acute failure (5, 6, 8) . On the other hand, when glucagon exerted little if any hemodynamic effect, the patients seemed to be in severe failure that had been present for a rather prolonged period of time (9) (10) (11) . However, since none of these studies were designed to determine if chronic severe failure altered the responsiveness of the heart to glucagon, it is impossible to come to any firm conclusions as to whether the mechanisms observed in the present investigation are also operative in man.
In summary, it has been demonstrated that experimentally produced chronic heart failure in the cat results in a markedly reduced capacity of glucagon to augment myocardial contractility, but does not alter the inotropic effects of norepinephrine. The finding that adenyl cyclase derived from the chronically failing myocardium is not responsive to glucagon but retains its capability to respond to norepinephrine could be the biochemical basis for the disparity between the physiological responses to glucagon and norepinephrine in the failing heart. These results may also provide the explanation for the inconsistent response to glucagon found in patients with chronic cardiac decompensation.
